Tight junctions blocking ion flux, pathogen entry, and protein movement through the paracellular pathway are a conserved feature of multicellular organisms ([@r1]). In higher plants, the Casparian strip (CS) is a crucial apoplastic diffusion barrier built by the endodermis ([@r2]). Unlike junctions of animal cells that are formed by simultaneously pulling together and sealing off adjacent cytoplasmic membranes with large protein complexes, the existence of a primary wall surrounding plant cells has rendered two fundamental features in CS formation. First, CS sealing is controlled by precise spatial information, resulting in a ring-like structure aligning the anticlinal and transversal cell walls ([@r3]). Second, in plants such as *Arabidopsis*, CS is primarily sealed with lignin, a phenylpropanoid polymer that deposits in the primary cell wall to span the predefined extracellular space between neighboring cells ([@r4]). Part of the spatial information is encoded by CASPs, which demark the CS membrane domain (CSD^M^), a specialized membrane region excluding most proteins and lipid dyes ([@r5], [@r6]). CSD^M^ is thought to form a scaffold for recruiting and spatially restricting lignification enzymes such as PER64 ([@r7]), which is under surveillance by a peptide signaling pathway that comprises the ligands CIF1/CIF2, the leucine-rich repeat receptor kinase SGN3, and the polarly localized kinase SGN1 ([@r8][@r9][@r10]--[@r11]). Because lignin deposition takes place in the primary wall, we speculate there may exist a CS wall domain (CSD^W^) which coordinates with CSD^M^ and the CIF-SGN3 module to provide bidirectional positional information for accurate CS lignification.

Laccases are secretory multicopper oxidases involved in lignin polymerization ([@r12]). Gene expression profiling of root subzones ([@r13]) reveals that transcript of *LAC3*, among the 17 laccase-encoding genes in *Arabidopsis*, preferentially accumulates in endodermal cells. Using the *proLAC3::LAC3-eGFP* transgenic line that expresses LAC3-eGFP driven by the native promoter, we observed that LAC3 is expressed in endodermis and remains secretory between 4.5 ± 1.5 and 17.5 ± 2.5 cells after onset of cell elongation ([Fig. 1*A*](#fig01){ref-type="fig"} and [Movies S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005429117/-/DCSupplemental) and [S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005429117/-/DCSupplemental)), which temporally spans CS development ([@r5][@r6]--[@r7]). At the subcellular level, CS lignification initiates in a string-of-pearls pattern, after which the discrete lignin domains fuse to form a completely sealed ring-like structure ([@r6]). LAC3 initially surrounds nascently formed lignin "pearls" and accumulates between two adjacent "pearls" where new lignin would deposit ([Fig. 1*B*](#fig01){ref-type="fig"}). As the lignin domains expand, LAC3 signals are pushed outward and gradually localize to the borders of fused CS regions ([Fig. 1 *C* and *E*](#fig01){ref-type="fig"}). Eventually, LAC3 locates to the borders flanking the continuous lignin band ([Fig. 1 *D* and *F*](#fig01){ref-type="fig"} and [Movie S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005429117/-/DCSupplemental)). Thus, LAC3 participates in a dynamic CSD^W^ at the interface between the primary cell wall and deposited lignin during CS formation.

![Surface view of LAC3 localization during CS development. (*A*) Radial section of a *proLAC3::LAC3-eGFP* root showing LAC3-eGFP (green) in relation to lignin (basic fuchsin, magenta) and the cell wall (calcofluor white, blue). co, cortex; en, endodermis; st, stele. (*B*--*D*) Localization of LAC3-eGFP (green) at the string-of-pearls (*B*), transition (*C*), and mature (*D*) stage of CS development in relation to lignin. (*E* and *F*) Quantification of relative LAC3-eGFP and basic fuchsin fluorescence intensity in *C* and *D*. (*G* and *H*) Localization of LAC3-eGFP (green) and CASP1-mRuby3 (magenta) at the string-of-pearls (*G*) and mature (*H*) stage in the dual reporter line. (*I*) Localization of LAC3-eGFP (green) and PER64-mCherry (magenta) at the string-of-pearls stage in the dual reporter line. (Scale bars, 5 μm.)](pnas.2005429117fig01){#fig01}

In the *proLAC3::LAC3-eGFP proCASP1::CASP1-mRuby3* dual reporter line, LAC3 accumulates in between two adjacent CASP1 domains ([Fig. 1*G*](#fig01){ref-type="fig"} and [Movie S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005429117/-/DCSupplemental)). These original LAC3-positive but CASP1-negative sites are later marked by CASP1, as the CASP1 domains further fuse and push LAC3 toward the borders ([Movie S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005429117/-/DCSupplemental)). After the CASP1 domains are continuously fused, LAC3 colocalizes with CASP1 on the CS borders ([Fig. 1*H*](#fig01){ref-type="fig"}). In the *proLAC3::LAC3-eGFP proPER64::PER64-mCherry* reporter line, LAC3 and PER64 display an interspersed spatial relationship in early endodermis similar to LAC3 and CASP1 ([Fig. 1*I*](#fig01){ref-type="fig"}). These observations indicate that LAC3-based CSD^W^ and CASP1-defined CSD^M^ are spatially separated yet coordinated in CS development.

Laccases are genetically redundant glycosylated cuproenzymes ([@r14]). We utilized the copper chelator bathocuproinedisulfonic acid and the *N*-glycosylation inhibitor tunicamycin to assess the potential effects of compromising LAC3 and related laccases. Upon copper chelation, the continuous CS becomes dispersed, compensatory lignification is activated at the cortex-facing side ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}), and the function of CS as a diffusion barrier is breached ([Fig. 2*C*](#fig02){ref-type="fig"}). Ectopic lignification induced by copper chelation is specifically blocked in *sgn3* ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}), suggesting that copper is required for the establishment of a functional CS and prevention of SGN3-mediated compensatory lignification. Upon copper chelation, LAC3 signals continuously aligning the CS borders become discrete and form locally concentrated patches while CASP1 localization, which demarks the CSD^M^, loses clear borders and becomes more diffused, similar to the dispersed lignin deposition ([Fig. 2 *D*--*I*](#fig02){ref-type="fig"}). These effects were recapitulated by tunicamycin treatment ([Fig. 2 *J*--*L*](#fig02){ref-type="fig"}). Although neither bathocuproinedisulfonic acid nor tunicamycin is specific for laccases, commonality of the two treatments on LAC3 and CASP1 localization suggests that LAC3-based CSD^W^ focalizes CSD^M^ to provide positional information guiding CS lignification.

![Putative pharmacological perturbation of LAC3 disperses lignin and CASP1. (*A* and *B*) Mature CS stained with basic fuchsin in the indicated genotypes under control condition (*A*) and copper chelation (*B*). (*C*) Quantification of propidium iodide permeability. Data represent mean and SD (*n* = 5). \*\*\**P* \< 0.001 by Student's *t* test. (*D*--*F*) Localization of LAC3-eGFP (green) in relation to CS lignin (basic fuchsin, magenta) (*D*), CASP1-mRuby3 (magenta) in relation to CS lignin (auramine O, green) (*E*), and comparison of CASP1-mRuby3 and lignin distribution (*F*) under the control condition. (*G*--*I*) Effects of copper chelation on LAC3-eGFP, CASP1-mRuby3, and CS lignin localization. (*J--L*) Effects of tunicamycin treatment. (Scale bars, 5 μm.)](pnas.2005429117fig02){#fig02}

Materials and Methods {#s1}
=====================

Plant Materials. {#s2}
----------------

The *sgn1-2* and *sgn3-3* mutants were respectively Salk_055095 and Salk_043282. Primers CCA​AGC​TTG​CAT​GCC​TGC​AGC​TTC​TTG​TGT​GCA​GGA​GCT and GTA​CCC​GGG​GAT​CCT​CTA​GAG​CAT​CTT​GGA​AGA​TCC​AAT​G were used to clone a 4,090-bp genomic region into pCambia1300-native-eGFP for generating *proLAC3::LAC3-eGFP*. Primers CCA​AGC​TTG​CAT​GCC​TGC​AGT​GAG​AAT​TGG​CGA​TTA​AAG​A and GTA​CCC​GGG​GAT​CCT​CTA​GAA​TGC​CTC​TTG​AGG​GCG​ATG​G were used to clone a 2,954-bp genomic region into pCambia1300-native-mRuby3 for generating *proCASP1::CASP1-mRuby3*. The *proPER64::PER64-mCherry* line was as previously described ([@r7]). The dual reporter lines were generated by crossing.

Pharmacological Treatments. {#s3}
---------------------------

A copper dropout 1/2 Murashige and Skoog (MS) medium was supplemented with 1 µM CuSO~4~ as control and 50 µM disodium salt of bathocuproinedisulfonic acid (Sigma) for copper chelation. Tunicamycin (Pharmabiology) was added to the 1/2 MS medium at a final concentration of 0.05 μg/mL.

CS Assays. {#s4}
----------

Basic fuchsin, auramine O, and calcofluor white staining assays were performed on 5-d-old seedlings using the previously described ClearSee protocol ([@r15]). Propidium iodide penetration assay was performed as described ([@r5]). Confocal images were acquired by an LSM 800 microscope equipped with Airyscan (Zeiss). The original images were processed using Zeiss ZEN software and ImageJ.

Data Availability. {#s5}
------------------

All of the data in this study are included in the paper or [Movies S1--S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005429117/-/DCSupplemental).
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